Regulation of cell signaling by Wnt proteins is critical for the formation of neuronal circuits. Wnts modulate axon pathfinding, dendritic development, and synaptic assembly. Through different receptors, Wnts activate diverse signaling pathways that lead to local changes on the cytoskeleton or global cellular changes involving nuclear function. Recently, a link between neuronal activity, essential for the formation and refinement of neuronal connections, and Wnt signaling has been uncovered. Indeed, neuronal activity regulates the release of Wnt and the localization of their receptors. Wnts mediate synaptic structural changes induced by neuronal activity or experience. New emerging evidence suggests that dysfunction in Wnt signaling contributes to neurological disorders. In this article, the attention is focused on the function of Wnt signaling in the formation of neuronal circuits in the vertebrate central nervous system. T he formation of neuronal connections requires the navigation of axons to their appropriate synaptic targets, the formation of terminal branches, and the assembly of functional synapses. These processes greatly depend on the proper dialogue between axons and their environment as they navigate to their target, and between axons and their postsynaptic dendrites during synapse assembly. A combination of secreted molecules and transmembrane proteins modulates these processes. Studies over the last 10 years have revealed an essential role for Wnt signaling in axon pathfinding, dendritic development, and synapse assembly in both central and peripheral nervous systems. Wnts also modulate basal synaptic transmission and the structural and functional plasticity of synapses in the central nervous system. Studies of Wnts in the nervous system have significantly contributed to our current understanding of the molecular mechanisms that control neuronal circuit assembly. These studies have also shed light into fundamental aspects of cell signaling such as novel mechanisms of protein secretion (Korkut et al. 2009 ) and receptor dynamics (Sahores et al. 2010) . Here I review the mechanisms by which Wnts modulate axon guidance and synapse formation in the vertebrate central nervous system. I also discuss the increasing evidence in support for a role of Wnts in basal
T he formation of neuronal connections requires the navigation of axons to their appropriate synaptic targets, the formation of terminal branches, and the assembly of functional synapses. These processes greatly depend on the proper dialogue between axons and their environment as they navigate to their target, and between axons and their postsynaptic dendrites during synapse assembly. A combination of secreted molecules and transmembrane proteins modulates these processes. Studies over the last 10 years have revealed an essential role for Wnt signaling in axon pathfinding, dendritic development, and synapse assembly in both central and peripheral nervous systems. Wnts also modulate basal synaptic transmission and the structural and functional plasticity of synapses in the central nervous system. Studies of Wnts in the nervous system have significantly contributed to our current understanding of the molecular mechanisms that control neuronal circuit assembly. These studies have also shed light into fundamental aspects of cell signaling such as novel mechanisms of protein secretion (Korkut et al. 2009 ) and receptor dynamics (Sahores et al. 2010) . Here I review the mechanisms by which Wnts modulate axon guidance and synapse formation in the vertebrate central nervous system. I also discuss the increasing evidence in support for a role of Wnts in basal synaptic transmission, synaptic plasticity, and neurological disorders.
AXON NAVIGATION AND TERMINAL REMODELING
Wnt signaling controls neuronal polarity, promotes axon outgrowth, and regulates the navigation of axons to their final synaptic targets. The first clear evidence that Wnts regulate axon guidance came from studies using loss-of-function approaches in different development systems including vertebrates (Salinas and Zou 2008; Sanchez-Camacho and Bovolenta 2009; Fradkin et al. 2010) . Wnts induce a range of responses including repulsion, attraction, and promoting axon branching.
Axon Guidance
In the vertebrate nervous system, Wnts also regulate the direction of axon growth and guidance. In the spinal cord, commissural axons turn anteriorly after crossing the midline following a posterior-to-anterior gradient of attractive cues. Indeed, Wnt4 and Wnt7b form a gradient (anterior high -posterior low) in the floor plate. Gain of function of Wnt4 using cultured openbook explants from the spinal cord reveals that Wnt4 is an attractive cue for commissural axons after midline crossing ( Fig. 1) (Lyuksyutova et al. 2003) . This response seems to be mediated by the Frizzled-3 (Fz3) receptor, because Fz3 mutant mice show anterior-posterior guidance defects after commissural axons have crossed the midline (Lyuksyutova et al. 2003) .
In contrast to the attractive activity of Wnt4, other Wnts function as repulsive signals. Wnt1 and Wnt5a form a high-anterior-to -low-posterior gradient along the dorsal spinal cord and repel corticospinal axons that descend along the spinal cord (Liu et al. 2005) . During the initial part of their trajectory, these axons are insensitive to the repulsive activity of Wnts owing to the lack of expression of the Ryk receptor. After crossing the midline and entering the rostral part of the spinal cord, these axons begin to express Ryk. Importantly, injection of antibodies against Ryk affects the posterior growth of corticospinal axons (Liu et al. 2005) . Together, these results strongly suggest that two opposing gradients guide axons in the spinal cord. Early in development, a ventral gradient of Wnt4 attracts commissural axons in a posterior-to-anterior direction. Postnatally, corticospinal axons, which descend along the dorsal funiculus, experience a repulsing gradient of Wnt1 and Wnt5a as they grow down the spinal cord (Fig. 1C) .
How does Wnt5a regulate the behavior of commissural axons? Wnt5a activates a noncanonical Wnt signaling pathway that requires Fz3 and the four-pass transmembrane protein Van Gogh/strabismus (Vang) and Jun-N-terminal kinase (JNK) to promote axon outgrowth (Shafer et al. 2011 ). Analyses in cell lines led to the surprising finding that the core scaffold protein Dishevelled-1 (Dvl1) antagonizes Vang function. Indeed, expression of Dvl1 decreases the ability of Wnt5a to activate JNK by increasing Fz3 phosphorylation and decreasing its internalization. Because receptor internalization is crucial for signaling, Dvl1 blocks Wnt5a signaling. In contrast, expression of Vang2 decreases Fz3 phosphorylation and promotes its internalization (Shafer et al. 2011) . Thus, Vang2 and Dvl1 induce opposing effects on Fz3 localization. Although the effect of Dvl1 on the behavior of commissural axons has not been examined, the localization of Vang2 and Fz3 suggests that Vang2 induces the internalization of Fz3 and activation of the PCP pathway by antagonizing Dvl1 function. It would be of interest to know whether Dvl1 also plays a negative role in Wnt signaling in other cellular processes.
Activation of a non-canonical pathway through the Ryk receptor regulates axon guidance. In the corpus callosum, Ryk mutant cortical axons are able to cross the midline, but they show aberrant trajectories on the contralateral side. Wnt5a, which is expressed around the area of the corpus callosum, repels Ryk-expressing axons in cortical explants (Fig. 1A,B ) (Keeble et al. 2006) . Knockdown of Ryk decreases calcium transients and increases misrouting of post-crossing axons (Hutchins et al. 2011) . Interestingly, blockade of IP3 receptors and TRP channels reduces the rate of outgrowth, but only inhibition of TRP induces guidance defects. Moreover, expression of a specific CaM-KII inhibitory protein induces outgrowth and pathfinding defects (Hutchins et al. 2011) . These results are consistent with previous studies showing that Wnt5a/Ryk signaling through CaMKII regulates axon outgrowth and turning of dissociated cortical neurons (Li et al. 2009 ). Together, these results show that activation of Ryk receptors by different Wnts can trigger different axon guidance responses.
Although a role for Wnts in axon guidance has been shown in few brain areas, the broad but specific expression of different Wnts and their receptors in the nervous system suggests that these molecules play a general role in axon guidance. Studies addressing the contribution of Wnts together with other axon guidance molecules will be invaluable in understanding how axon behavior is controlled in normal and regenerative conditions.
Formation of Topographical Maps
Wnts also contribute to the formation of topographical maps in the brain. In the visual system, retinal ganglion cells (RGCs), organized in a two-dimensional (2D) layer, project their axons through the optic nerve into the brain in an orderly manner. In the chick, axons from the dorsal retina project to the lateral part of the tectum, whereas axons from the ventral retina project to the more medial tectum. This retinotopic map permits an object projected into the retina to be properly represented in the tectum. Molecules such as Eph and Ephrin guide RGC axons to their appropriate terminal zone in the tectum (McLaughlin and O'Leary 2005) . EphrinA molecules have been implicated in the formation of an anterior-posterior topographic map through their repulsive activity. In addition, a medial-to-lateral gradient of EphB in the retina with a medial -lateral gradient of EphrinB1 in the tectum controls patterning through attraction (Hindges et al. 2002) . Theoretical models propose that molecular gradients with opposing activities are required for the formation of this topographical map. Indeed, Wnts contribute to the formation of this retinotopic map. In the tectum, Wnt3 is expressed in a gradient from medial high to lateral low as observed for EphrinB1 (Fig. 2) . In the retina, the Wnt3 receptor Ryk is expressed in a gradient from ventral high to dorsal low following the same pattern of EphB (Schmitt et al. 2006) . In contrast to the attraction elicited by EphB and EphrinB1, Wnt3-Ryk induces repulsion (Schmitt et al. Figure 2. Wnt3 -Ryk signaling controls the formation of topographical maps. In the retina, retinal ganglia cell axons express the Ryk receptor in a gradient from ventral high to dorsal low in the same manner as EphB. These axons project to the contralateral side and into the tectum whether they follow two opposing forces. Both Wnt3 and EphrinB1 are expressed in a gradient from medial high to lateral low. EphrinB-EphB1 forms an attractive medial-directing activity. In contrast, Wnt3 -Ryk forms an opposing lateral-directing activity. ( . Thus, an attracting gradient of EphBEphrinB1 and an opposing repulsing gradient of Ryk-Wnt3 regulate the formation of the retinotopic map. The graded distribution of Wnts and their receptors in different brain regions strongly suggests that Wnts will also contribute to the formation of topographical maps in other sensory systems such as somatosensory and auditory systems.
Axon Terminal Remodeling
Wnt signaling promotes the terminal remodeling of axons before synapses begin to assemble. In cerebellar mossy fiber axons and DRG neurons, activation of the canonical Wnt pathway induces growth cone pausing, axon branching, and extensive enlargement of growth cones (Hall et al. 2000; Krylova et al. 2002) . This behavior is distinct from the typical attractive or repulsive responses induced by axon guidance molecules. In contrast, this terminal remodeling is consistent with the response of axons as they arrive at their target fields and begin to form synapses. Studies in cultured neurons and at the Drosophila NMJ have shown that Wnt signaling through Dvl inhibits Gsk3 by a divergent canonical Wnt pathway that does not require transcription (Packard et al. 2002; Miech et al. 2008; Purro et al. 2008) . In fact, terminal remodeling is achieved through profound changes on the axonal cytoskeleton. Wnt increases microtubule stability and induces the formation of microtubule loops within the growth cone, which contribute to growth cone pausing and enlargement (Ciani et al. 2004) . Time-lapse analyses of the behavior of microtubule plus ends labeled with EB3-GFP reveal that Wnt3a induces the loss of microtubule growth direction, resulting in the formation of looped microtubules within the growth cone (Purro et al. 2008 ). This profound change in microtubule organization leads to growth cone pausing and enlargement. Two findings support a role for APC, a Wnt canonical component and a microtubule binding protein, in mediating growth cone remodeling. First, Wnt3a decreases the level of endogenous APC at the plus end of microtubules. Second, ShRNA knockdown of APC induces microtubule looping and axon remodeling, thus mimicking the effect of Wnt3a (Purro et al. 2008 ). Thus, Wnts regulate the organization of microtubules resulting in the terminal remodeling of growth cones, a crucial process in the conversion of actively growing growth cones into synaptic boutons.
SYNAPSE FORMATION
Synapse formation requires the proper apposition between the presynaptic terminal, containing the machinery necessary for neurotransmitter release, and the membrane of the postsynaptic cells containing neurotransmitter receptors and signaling molecules. Time-lapse studies have shown that presynaptic release sites form first, and they are followed by the accumulation of postsynaptic markers (Okabe et al. 2001) . Although presynaptic release sites can assemble without clear evidence of postsynaptic assembly, these "orphan" sites are not stable. Time-lapse studies of dendritic spines, mushroom-like protrusions that receive excitatory inputs, revealed that these postsynaptic structures are very dynamic (Trachtenberg et al. 2002; Dunaevsky and Mason 2003) , but their stability depends on their apposition to presynaptic boutons (Yoshihara et al. 2009 ). Thus, synaptic assembly requires the proper dialogue between the presynaptic terminal or bouton and its postsynaptic target cells. Several studies now show that bidirectional Wnt signaling contributes to this trans-synaptic dialogue.
Presynaptic Assembly
Studies using cultured neurons and analyses of Wnt-null mutant mice have led to the discovery that Wnts promote synapse formation. Wnt7a is expressed in cerebellar granule cells as they begin to contact their presynaptic mossy fiber axons (Hall et al. 2000) . The mossy fiber-granule cell synapse is characterized by the interdigitation of several granule cell dendrites into a single mossy fiber axon, resulting in the formation of a complex synaptic structure, the glomerular rosette (Hamori and Somogyi 1983) . A combination of gain-of-function studies using mossy fiber explants and analyses of Wnt7a mutant mice showed that Wnt7a, released by granule cells, acts on mossy fiber axons to promote the formation of complex glomerular rosettes and the accumulation of synaptic components to future presynaptic sites (Hall et al. 2000) . Consistent with its role in presynaptic assembly, Wnt7a promotes synaptic vesicle recycling (Ahmad- Annuar et al. 2006; Cerpa et al. 2008) . Together these findings show that Wnt7a promotes the assembly of synaptic boutons.
How does Wnt signaling regulate synaptic assembly? Different receptors mediate the synaptogenic activity of Wnts in hippocampal neurons (Davis et al. 2008; Varela-Nallar et al. 2009; Sahores et al. 2010 ). Gain of function of Fz1 or Fz5 induces the clustering of synaptic vesicle proteins and active-zone proteins. In contrast, exposure to the soluble CRD domain of Fz1 or Fz5 or shRNA knockdown of Fz5 shows that these receptors are required for presynaptic assembly (Varela-Nallar et al. 2009; Sahores et al. 2010) . Moreover, silencing of Fz5 blocks the ability of Wnt7a to promote presynaptic assembly, indicating that this receptor is required for Wnt7a function (Sahores et al. 2010) . Other Wnt receptors also regulate the formation of synapses. For example, Wnt5a binds to and requires Ror tyrosine receptors to promote presynaptic assembly in cultured hippocampal neurons (Paganoni et al. 2010) . Although the in vivo role of Frizzled and Ror receptors remains to be established, these studies show that in hippocampal cells three different receptors-Fz1, Fz5, and Ror-are involved in presynaptic assembly. These findings pose the question as to whether these molecules act as receptors for different Wnt ligands or whether they function in different subcellular compartments in hippocampal neurons.
Wnt signaling triggers a transcription-independent pathway to promote bouton assembly. In cultured hippocampal neurons, Wnt7a activates a signaling cascade that requires Dishevelled-1 (Dvl1) and inhibition of Gsk3ß for presynaptic assembly (Fig. 3) . Dvl1 is present at (Hall et al. 2000) and specific antagonists (Davis et al. 2008 ) of the canonical Wnt signaling pathway shows that axon remodeling and presynaptic assembly are achieved through inhibition of Gsk3. Similarly to the fly (Miech et al. 2008) , blockade of transcription does not suppress the ability of Wnt7a to promote presynaptic assembly in cultured hippocampal neurons (EM Dickins and PC Salinas, unpubl.). How, then, do Wnts promote presynaptic assembly? A possible hypothesis is that Wnt signaling might promote the formation of synaptic boutons by modulating the microtubule cytoskeleton, resulting in changes in the transport of organelles or synaptic components to future synaptic sites. Future analyses using time-lapse recordings of fluorescently labeled synaptic molecules will provide important insights into the mechanism of Wnt-mediated synaptic assembly.
Postsynaptic Assembly
Studies at the Drosophila neuromuscular junction (NMJ) have clearly shown that Wg promotes the recruitment of both presynaptic and postsynaptic components (Packard et al. 2002) . At vertebrate central synapses, Wnts also promote the recruitment of postsynaptic components. For example, Wnt5a increases the clustering of the postsynaptic scaffold protein PSD95 (Farias et al. 2009 ) and postsynaptic g-aminobutyric acid type a (GABA A ) receptors (Cuitino et al. 2010) . Wnt7a or postsynaptic expression of Dvl1 increases the clustering of PSD95 and the colocalization of presynaptic and postsynaptic markers in hippocampal neurons (Ciani et al. 2011) . Given that Wnt7a signals to the presynaptic axon through the Fz5 receptor, these studies show that Wnt7a signals bidirectionally to the axon and dendrite to promote synapse formation. What is the mechanism responsible for postsynaptic assembly? Pharmacological studies have shown that Wnt5a promotes PSD95 clustering through JNK (Farias et al. 2009 ). In contrast, recruitment of GABA A receptors requires CaMKII activity (Cuitino et al. 2010 ). Although it is unclear whether Wnt5a directly regulates JNK and CaMKII on the postsynaptic side, Wnt5a rapidly increases the levels of Ca 2þ in dendrites, suggesting that Wnt5a directly signals to the postsynaptic side (Varela-Nallar et al. 2010). Studies of Wnt7a and Dvl1 have shown that Wnt7a directly signals postsynaptically, because Dvl1 mutant dendrites fail to respond to Wnt7a. This postsynaptic effect of Wnt7a is mediated through the local activation CaMKII (Fig. 3) (Ciani et al. 2011 ). Thus, activation of CaMKII promotes both the assembly of postsynaptic structures of inhibitory and excitatory synapses. This poses the question of how activation of CaMKII can result in the assembly of two very different types of synapses. How is this achieved? Further studies will provide the answer.
Excitatory versus Inhibitory Synapses
In cultured hippocampal neurons, Wnt5a modulates inhibitory synapses by increasing the surface levels and the retention of GABA A receptors (Fig. 3) (Cuitino et al. 2010) . Consistently, Wnt5a increases the amplitude of miniature inhibitory postsynaptic currents (mIPSCs). These results suggest that Wnt5a promotes the maturity of inhibitory synapses. Intriguingly, short exposure to Wnt5a does not affect the frequency of mIPSCs or the number of presynaptic sites (Cuitino et al. 2010) . Time-course studies showed that Wnt5a first signals to the postsynaptic side to then induce presynaptic changes. Whether this effect is direct on the presynaptic axon remains to be determined.
Wnt5a also promotes the assembly of excitatory synapses as indicated by the increased clustering of PSD95, a marker of excitatory postsynaptic sites (Farias et al. 2009 ). Although initial studies suggested that Wnt5a increases the formation of dendritic spines (Varela-Nallar et al. 2010), a recent publication suggests that Wnt5a does not affect spine formation (Cerpa et al. 2011) . Recordings of fEPSCs showed that Wnt5a promotes glutamatergic transmission by increasing NMDA currents in hippocampal neurons. However, AMPA currents are unaffected (Cerpa et al. 2011) . A Wnt/Ca 2þ signaling pathway regulates these postsynaptic changes as evident by the rapid increase in Ca 2þ levels and the requirement of CaMKII activity (Varela-Nallar et al. 2010; Cerpa et al. 2011) . Although loss-of-function approaches are needed to establish the in vivo role of Wnt5a at excitatory and inhibitory synapses, together these studies show that Wnt5a is a pansynaptogenic factor that promotes the assembly of both excitatory and inhibitory synapses.
In contrast to Wnt5a, Wnt7a specifically promotes the formation of excitatory synapses without affecting inhibitory ones (Ciani et al. 2011) . Within 1 h, Wnt7a significantly increases the number of excitatory synapses and the frequency and amplitude of mEPSCs. However, the number of inhibitory sites and mIPSCs remains unchanged. In addition, Wnt7a increases the number and size of dendritic spines, postsynaptic structures that received excitatory inputs. In vivo analyses of the Wnt7a and Dvl1 double-mutant mice showed that Wnt7a-Dvl1 signaling is required for the formation and growth of spines at the CA3 and CA1 regions of the hippocampus. Cell-autonomous activation of the Wnt pathway in dendrites by expression of Dvl1 revealed that Wnt7a directly signals to dendrites to promote spine growth. Consistently, Dvl1 mutant dendrites do not respond to Wnt7a (Ciani et al. 2011) . Interestingly, postsynaptic activation of Wnt signaling does not affect spine number, suggesting that this effect of Wnt7a is mediated through another mechanism. Analyses of the localization of Dvl1 and the use of a local reporter of CaMKII activity suggest that Wnt7a through postsynaptic Dvl1 locally activates CaMKII in dendritic spines (Ciani et al. 2011 ) to promote spine growth (Fig. 3) . Thus, Wnt7a specifically promotes the formation of excitatory synapses by regulating dendritic spines.
Together, the studies on Wnt5a and Wnt7a suggest that Wnts differentially modulate distinct types of synapses. The specific effect of Wnt7a on excitatory synapses suggests that increased Wnt7a signaling could contribute to neurological disorders such as epilepsy. Future studies on Wnts will shed light into the mechanisms that control the balance between excitability and inhibition of neuronal circuits.
NEURONAL ACTIVITY ON WNT RELEASE AND RECEPTOR LOCALIZATION
Neuronal activity modulates neuronal circuit formation by regulating cell migration, axon guidance, dendritic development, and the formation and pruning of synapses (Budnik and Salinas 2011; West and Greenberg 2011) . Several molecules including BDNF, neurotransmitter receptors, and adhesion molecules are regulated by activity (Meyer-Franke et al. 1998; Bozdagi et al. 2000; Du et al. 2000; Hayashi et al. 2000; Tanaka et al. 2000) . However, little is known about the mechanisms by which neuronal activity sculptures neuronal networks. New studies show that Wnts and their receptors are under the control of neuronal activity and that they contribute to activity-dependent circuit formation and refinement.
The first indication that neuronal activity regulates Wnts came from studies in cultured hippocampal neurons. Depolarization with KCl, which promotes dendritic development, increases Wnt activity in the media of cultured neurons, indicating that neural activity modulates the release, synthesis, or transcription of Wnts (Yu and Malenka 2003) . Subsequent studies revealed that activation of NMDA receptors increases the transcription of Wnt2, a protein expressed in the hippocampus. Importantly, blockade of Wnt2 compromised dendritic development (Wayman et al. 2006 ). Further evidence comes from studies showing that the levels of Wnt7a/b protein increase in the hippocampus of animals exposed to an enriched environment (Gogolla et al. 2009 ).
Changes in neuronal activity also influence the localization and trafficking of Frizzled re-ceptors. High-frequency stimulation, which induces synaptic potentiation, increases the levels of surface Fz5 (sFz5) without affecting the total level of the receptor in hippocampal neurons. Conversely, low-frequency stimulation (LFS), which elicits long-term depression, decreases the levels of sFz5. Importantly, HFS increases, whereas LFS decreases the amount of sFz5 receptor at synapses and the percentage of synapses containing Fz5 (Sahores et al. 2010) . Given that Fz localization is regulated by Wnt ligands (Mathew et al. 2005; Klassen and Shen 2007; Mosca and Schwarz 2010) and that activity promotes the expression of Wnts (Wayman et al. 2006; Korkut et al. 2009 ), the contribution of Wnts in Fz5 localization was investigated. Wnt blockade with the secreted Wnt antagonist Sfrps or with the extracellular domain of Fz5 showed that endogenous Wnts expressed by hippocampal neurons mediate the effect of neuronal activity on Fz5 localization. Thus, patterned activity induced by HFS regulates the release or expression of Wnts, which then promote the trafficking of Fz5 to the cell surface and to the synapse (Fig. 4) . Future studies focused on the mechanisms that control the trafficking of Fz receptors to synapses will provide important insights into the effect of ligands on their receptor localization and also how neuronal activity modulates synapse formation and function.
STRUCTURAL AND FUNCTIONAL PLASTICITY OF SYNAPSES
The expression of Wnts, their receptors, and several components of the Wnt pathway in the mature brain suggests that Wnts could also regulate synaptic plasticity in the adult. The first hint that synaptic function is modulated by Wnt signaling came from analyses of Wnt7a; Dvl1 double-mutant mice. In these mice, the complexity of the glomerular rosettes is affected, but the presynaptic active zones appear normal. Interestingly, electrophysiological recordings showed defects in the frequency of mEPSCs, suggesting a potential defect in neurotransmitter release (Ahmad-Annuar et al. 2006) . A more recent study has reinforced this hypothesis. Electrophysiological recording of brain slices showed that Wnt7a decreases pair pulse facilitation at the hippocampal CA3 -CA1 synapse, suggesting a role for Wnt7a in the regulation of neurotransmitter release (Cerpa et al. 2008) . This process could be regulated at different levels of the synaptic vesicle cycle, from changes in the reserved pool of vesicles to the rate of docking, fusion, or endocytosis. Dynamics studies of synaptic vesicles labeled with the lipophilic dye FM-1-43 suggest that Wnt7a increases synaptic vesicle exocytosis (Cerpa et al. 2008) . However, further detailed characterization is required to fully establish a role for Wnt signaling in neurotransmitter release. Wnt signaling regulates synaptic strength through postsynaptic changes. As discussed before, analyses of Wnt signaling -deficient mutant mice revealed that Wnt7a signaling is essential for spine formation and growth in the hippocampus. Increased spine growth has been correlated with an increase in synaptic strength (Yuste and Bonhoeffer 2001; Matsuzaki et al. 2004; Bourne and Harris 2008) . Indeed, Wnt7a/ Dvl1 double-mutant mice show deficits in synaptic strength in the hippocampus. Conversely, gain-of-function studies with exogenous Wnt7a or expression of Dvl1 in dendrites show that Wnt7a-Dvl1 signaling increases synaptic strength at excitatory synapses in a CaMKII-dependent manner (Ciani et al. 2011) . Thus, Wnt7a signaling modulates the structural and synaptic plasticity of neuronal circuits in the hippocampus.
Several studies suggest that Wnt signaling also modulates long-term potentiation. In acute brain slices, blockade of Wnt signaling with specific antibodies against Wnt3a or the secreted extracellular domain of Frizzled-8 weakly decreases long-term potentiation (Chen et al. 2006) . Conversely, activation of the canonical Wnt signaling with lithium or with Wnt3a mildly increases potentiation. A more recent study suggests that Wnt5a, through a non-canonical Wnt pathway, modulates the induction of synaptic potentiation at the CA3-CA1 synapse (Cerpa et al. 2011) . Thus, Wnts, through the activation of canonical or non-canonical pathways, regulate long-term potentiation. Further studies are essential to elucidate the contribution of Wnt signaling to maintenance of long-term synaptic plasticity.
Wnt signaling also contributes to the structural plasticity of synaptic structures in the central nervous system. In the hippocampus, mossy fiber axons form complex terminal protrusions with dendritic spines of the CA3 region (Rollenhagen et al. 2007) . When mice are exposed to an enriched environment (EE), these structures become extensively remodeled as mossy fiber terminals interdigitate extensively with CA3 dendrites (Gogolla et al. 2009 ). Because this modeling is similar to that observed by Wnt7a in the cerebellar mossy fibers (Hall et al. 2000) , the role of Wnts was investigated. Three pieces of data support the role of Wnt7a in EE-mediated remodeling. First, Wnt7a protein levels are elevated in the hippocampus of EE animals. Second, blockade of Wnt7a by injection of the Wnt antagonist Sfrp1 suppresses EE-mediated axon remodeling. Third, injection of exogenous Wnt7a into the hippocampus mimics the effect of EE (Gogolla et al. 2009 ). These studies raise the interesting possibility that Wnts might also modulate structural changes following sensory experience. Indeed, Wnt signaling mediates visual experience-dependent plasticity. In the optic tectum, the receptive field (RF), which depends on the number of retinal ganglia cell axons, decreases in size during development in an activity-dependent manner. Acute blockade of Wnts or infusion of Wnts in the Xenopus tectum interferes with this developmental reduction in RF (Lim et al. 2010) , suggesting that Wnt signaling regulates the refinement of neuronal connections during sensory experience-dependent plasticity.
Activity-mediated synapse formation is also modulated by Wnt proteins through the Fz-5 receptor. As mentioned above, HFS increases the level of Fz5 receptorat the surface and at synapses (Sahores et al. 2010 ). This increased level of Fz5 at synapses is correlated with the formation and growth of synapses. Importantly, blockade of endogenous Wnts with Sfrps or with the soluble extracellular domain of the receptor Fz5 completely suppresses the effect of HFS on synapse formation. Thus, Wnt signaling through Fz5 significantly contributes to activity-mediated synapse formation in hippocampal neurons.
NEUROLOGICAL DISORDERS AND NEURODEGENERATION
Mounting evidence suggests a link between dysfunction of Wnt signaling and neurological disorders as well as neurodegenerative diseases. Mutations in the disrupted in schizophrenia (DISC1) gene were found in a Scottish family with a high incidence of schizophrenia, major depression, and bipolar disorder (Porteous and Millar 2006) . Two recent studies showed that DISC1 modulates canonical Wnt signaling. DISC1 interacts with and inhibits Gsk3b activity, resulting in increased b-catenin signaling (Mao et al. 2009 ). Moreover, DISC1 also interacts with the scaffold protein DIX domain-containing protein (DIXDC1), which together with DSC1 modulates canonical Wnt signaling (Singh et al. 2010 ). In addition, Gsk3 inhibitors restore the behavioral defects manifested in DISC1-deficient mutant mice (Mao et al. 2009 ). Because different signaling pathways regulate Gsk3 activity, further studies are needed to establish whether deficiency in Wnt signaling contributes to schizophrenia.
Deregulation of Wnt signaling might contribute to the changes in mood and behavior characteristic of psychiatric disorders such as manic depression. The first evidence that Wnt signaling contributes to social behavior came from analyses of Dvl1 mutant mice, which show defects in social interactions and deficits in the acoustic startled reflex (Lijam et al. 1997) . Further support came from the finding that lithium, used for the treatment of bipolar affective disorders (O'Brien and Klein 2007) , is a direct inhibitor of Gsk3 (Klein and Melton 1996; Stambolic et al. 1996) . Although many molecular targets of lithium have been identified, the mechanism by which lithium modulates mood is currently unclear. Nevertheless, Gsk3 remains a strong candidate because heterozygous Gsk3 mutant mice show a similar phenotype to mice treated with lithium (Beaulieu et al. 2004; O'Brien et al. 2004) . These findings open the doors for developing new therapeutic strategies for the treatment of mood disorders.
In the aging brain, deficiency in canonical Wnt signaling has been associated with Alzheimer's disease (AD). The link between increased Gsk3 activity and AD has been known (Hernandez et al. 2010 ). Yet only recently, a genetic link between decreased Wnt signaling and AD has been presented. Genome-wide studies have identified a broad susceptibility region for later-onset Alzheimer's disease in chromosome 12, which contains the LRP6 locus (D'Introno et al. 2006 ). Importantly, a common variant of LRP6, which shows decreased levels of canonical Wnt signaling in heterologous cells, has been associated with late-onset AD (De Ferrari et al. 2007 ). Further evidence comes from the finding that Dickkopf-1 (Dkk1), the secreted Wnt antagonist that specifically blocks canonical Wnt signaling through binding to LRP6, is elevated in AD brain biopsies and in the brain of transgenic mouse models for AD (Caricasole et al. 2004; Rosi et al. 2010) . Together, these findings suggest that decreased canonical Wnt signaling might contribute to AD pathogenesis. Future studies are essential to determine a role of Wnt signaling in this devastating neurodegenerative disease.
CONCLUSIONS
In the last few years, great progress has been made in understanding the role of Wnt signaling in the formation of neuronal circuits during development. It is now evident that Wnts also regulate different aspects of synaptic plasticity, through presynaptic and postsynaptic mechanisms. Moreover, Wnts mediate activity-dependent processes such as synapse formation, synaptic remodeling, and circuit refinement. Finally, there is increased evidence suggesting a potential link between dysfunction of Wnt signaling and developmental disorders and bipolar affective disorders. Future studies on Wnts in the developing, mature, and aging brain will provide crucial information for developing therapeutic approaches for the treatment and/or prevention of neurological disorders and neurodegeneration.
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